These synapses, called silent synapses, are converted to functional synapses with AMPA receptors by NMDA receptor activation during early development. It is likely that this process underlies the activitydependent refinement of neuronal circuits and brain functions. In the present study, we investigated postnatal development of excitatory synapses, focusing on the role of visual inputs in the conversion of silent to functional synapses in mouse visual cortex. We analyzed presumably unitary excitatory postsynaptic currents (EPSCs) between a pair of layer 2/3 pyramidal neurons, using minimal stimulation with a patch pipette attached to the soma of one of the pair. The proportion of silent synapses was estimated by the difference in the failure rate between AMPA-and NMDA-EPSCs. In normal development, silent synapses were present abundantly before eye opening, decreased considerably by the critical period of ocular dominance plasticity, and almost absent in adulthood. This decline in silent synapses was prevented by dark rearing. The amplitude of presumably unitary AMPA-EPSCs increased with age, but this increase was suppressed by dark rearing. The quantal amplitude of AMPA-EPSCs and pairedpulse ratio of NMDA-EPSCs both remained unchanged during development, independent of visual experience. These results indicate that visual inputs are required for the conversion of silent to functional synapses and this conversion largely contributes to developmental increases in the amplitude of presumably unitary AMPA-EPSCs. silent synapse; visual cortex; plasticity; development; visual experience
silent synapse; visual cortex; plasticity; development; visual experience EXPERIMENTAL MANIPULATIONS of visual experience during development drastically affect neural connectivity and the visual responsiveness of neurons in visual cortex (Frégnac and Imbert 1984; Wiesel 1982) . This implies that sensory stimulationevoked neural activity is crucial for the developmental refinement of neural connections and the maturation of brain functions. Activity-dependent synaptic plasticity is considered to play essential roles in this process (Bear et al. 1987; Katz and Shatz 1996; Singer 1995; Zhang and Poo 2001) . The experience-dependent robust modifiability of sensory cortical functions is restricted to a period during postnatal development, and this critical period is postponed when sensory inputs are deprived from birth, indicating that the modification mechanisms are also regulated by sensory experience (Hensch 2004) .
N-methyl-D-aspartate (NMDA) receptors are important molecules for long-term synaptic plasticity and the development of sensory cortical functions (Bliss and Collingridge 1993; Katz and Shatz 1996; Malenka and Nicoll 1999; Singer 1995) . Although excitatory synapses usually have two types of ionotropic glutamate receptors, ␣-amino-3-hydroxy-5-methylisoxazole propionic acid (AMPA) and NMDA receptors, a considerable proportion of these synapses have NMDA but not AMPA receptors at an early developmental stage (Durand et al. 1996; Isaac et al. 1995; Liao et al. 1995; Wu et al. 1996) . These synapses are called silent synapses because they do not show any postsynaptic responses to stimulation of the presynaptic neurons at the resting membrane potential. The activation of NMDA receptors produces an incorporation of AMPA receptors into these synapses, leading to a conversion from silent to functional synapses and hence long-term potentiation (LTP) of AMPA receptor-mediated excitatory synaptic transmission (Durand et al. 1996; Isaac et al. 1995; Liao et al. 1995) . This activity-dependent process appears to contribute to the experience-dependent refinement of cortical circuits during development (Takahashi et al. 2003) . In thalamocortical connections in the barrel cortex, NMDA receptor-dependent LTP occurs only during the critical period of experience-dependent modification of the barrel map (Crair and Malenka 1995) , and silent synapses are present only during that period (Isaac et al. 1997) . In visual cortex, silent synapses are also present at an early developmental stage, and they can be converted to functional synapses by NMDA receptor activation (Rumpel et al. 1998 (Rumpel et al. , 2004 .
Layer 2/3 pyramidal cells, sending output signals to other cortical areas, have horizontal axon collaterals innervating other pyramidal cells in the same layer. In visual cortex, the horizontal projections connect cells with similar response properties, and hence they could contribute to the improvement of response selectivity of cortical cells (Bosking et al. 1997; Gilbert and Wiesel 1989; Hata et al. 1991; Kisvárday et al. 1997; Ko et al. 2011; Ts'o et al. 1986 ). The response properties of layer 2/3 cells are more quickly modified by the manipulation of visual inputs compared with layer 4 cells receiving thalamic inputs (Trachtenberg et al. 2000) , and the projection patterns of horizontal connections are under the strong influence of visual experience (Callaway and Katz 1991; Löwel and Singer 1992; Ruthazer and Stryker 1996) . Therefore, excitatory connections between layer 2/3 pyramidal neurons may be crucial in the experience-dependent refinement of visual cortical functions. In rat visual cortex, we have shown that NMDA receptor-dependent LTP occurs in layer 2/3 pyramidal cells during an early developmental stage, and this capability decreases with age, disappearing almost entirely in adulthood (Yoshimura et al. 2003) . In addition, this decline was prevented by rearing animals in darkness from birth. In this study, we studied the development of synapses between layer 2/3 pyramidal neurons, focusing on the role of visual experience in the conversion from silent to functional synapses.
MATERIALS AND METHODS
Slice preparation. All experiments were carried out under a protocol approved by the Experimental Animal Care Committee, Research Institute of Environmental Medicine, Nagoya University. The experiments were conducted with C57BL/6J mice at postnatal days (P)7-12, P20 -24, and P50 -60. Some of the mice were reared in a completely dark room from birth up to the time just before preparation of slices (P20 -24 or P50 -60). The number of mice used was four (P7-12), four (P20 -24), five (P50 -60), three (dark-reared P20 -24), and four (dark-reared P50 -60) in experiments analyzing the failure rates of synaptic transmission; four (P7-12), three (P20 -24), four (P50 -60), three (dark-reared P20 -24), and four (dark-reared P50 -60) in experiments analyzing asynchronous excitatory postsynaptic currents (EPSCs); and four (P7-12), five (P20 -24), six (P50 -60), four (dark-reared P20 -24), and six (dark-reared P50 -60) in experiments analyzing EPSCs evoked by paired-pulse stimulation. As described previously (Yoshimura et al. 2003) , coronal slices of primary visual cortex (300 m thick) were prepared from mice under deep anesthesia with isoflurane, recovered in a normal artificial cerebrospinal fluid (ACSF) containing (in mM) 126 NaCl, 3 KCl, 1.3 MgSO 4 , 2.4 CaCl 2 , 1.2 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose at 33°C for 1 h, and maintained in the ACSF at room temperature (24 -26°C). During recording experiments, 20 M bicuculline methiodide (BMI), a ␥-aminobutyric acid A receptor antagonist, was added to the ACSF to block inhibitory postsynaptic currents, and the concentrations of both CaCl 2 and MgCl 2 were increased to 4 mM in order to avoid excess excitability. To estimate the quantal amplitude of AMPA receptor-mediated EPSCs (AMPA-EPSCs), asynchronous EPSCs were analyzed in an ACSF in which Ca 2ϩ was replaced with Sr 2ϩ . The recordings were performed at room temperatures.
Whole cell recording. EPSCs were recorded from visualized layer 2/3 pyramidal cells with the whole cell voltage-clamp recording method (Molecular Devices, Axopatch 200B) under infrared-differential interference contrast (IR-DIC) optics (Olympus, BX50WI). For the whole cell recording, patch pipettes (4 -6 M⍀) were filled with a solution containing (in mM) 120 Cs-gluconate, 20 CsCl, 10 BAPTA, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, and 10 Na-phosphocreatine (pH 7.3 adjusted with CsOH). The internal solution contained biocytin (0.2-0.3%) in most cases. We continuously monitored series and input resistances by applying hyperpolarizing voltage steps and did not compensate for series resistance. We selected cells with a high seal resistance (Ͼ1 G⍀) and a series resistance Ͻ 30 M⍀ for the analysis. Data were collected and analyzed with pCLAMP software (Molecular Devices). Asynchronous EPSCs were analyzed with the Mini Analysis Program (Synaptosoft). The threshold of AMPA-EPSC amplitude was set at 4 pA, and AMPA-EPSCs with a 10 -90% rise time longer than 4 ms were excluded from the analysis. In part of the experiments, whole cell recording was performed in the current-clamp mode with K ϩ -based internal solution containing (in mM) 130 Kgluconate, 8 KCl, 1 MgCl 2 , 0.6 EGTA, 10 HEPES, 3 Na-ATP, 0.5 Na-GTP, and 10 Na-phosphocreatine (pH 7.3 adjusted with KOH).
Electrical stimulation. Stimulation was applied through a patch pipette containing ACSF. When we examined the effect of DL-2-amino-phosphonovaleric acid (APV) and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) on EPSCs evoked in layer 2/3 pyramidal cells by conventional extracellular stimulation, the stimulating pipette was placed ϳ100 m horizontally apart from the recorded cells. In the rest of the experiments, the pipette was attached to the soma of nearby pyramidal cells Ͻ100 m horizontally apart from a layer 2/3 pyramidal cell, in which whole cell recording was performed. The frequency of the stimulation was 0.2 Hz. To selectively stimulate one pyramidal cell with connections to the recorded cell, recording experiments were conducted in cases in which weak intensities of stimulation (Յ9 A) evoked NMDA receptor-mediated EPSCs (NMDA-EPSCs), and the intensity could be adjusted so that the stimulation produced NMDA-EPSCs with a considerable rate of response failure. We conducted detailed analyses only in cases in which the percentage of response failure was between 20% and 60%.
Analyses of failure rates of EPSCs. Stimulation was applied 50 times at Ϫ70 mV and ϩ40 mV in most cells, while it was repeated 100 times in other cells. Because the time course of AMPA-EPSCs was fast, stimulus artifacts often overlapped with the EPSCs. Therefore, we recorded responses at Ϫ70 mV in the presence of NBQX at the end of recordings in most of the experiments. To remove stimulus artifacts, we subtracted an average (n ϭ 10) trace of responses recorded in the presence of NBQX from individual traces of responses recorded in the absence of NBQX. When responses were not recorded in the presence of NBQX, we used an average of ϳ10 null responses, which were identified by visual inspection, to remove the artifacts. These subtracted traces were used for the analysis of EPSCs. When a stimulus artifact overlapped with an NMDA-EPSC, the artifact was similarly removed.
For the assessment of the failure rate of AMPA-and NMDAEPSCs, the amplitude frequency distribution of EPSCs was constructed from EPSC amplitudes estimated by measuring the average of a 2-ms window at the peak of the EPSC averaged for all trials relative to the same window taken immediately before the stimulation onset. In some cells, except for cells sampled from P50 -60 normal mice, no clear peak was detected in the average AMPA-EPSC traces. In this case, the time window for the EPSC peak was set by using the peak EPSC latency typically found in each experimental group (6 ms, P7-12; 5 ms, P20 -24; 6 ms, dark-reared P20 -24; 5 ms, dark-reared P50 -60). The noise amplitude distribution was estimated by performing a similar measurement using a window set before the stimulus onset with a lead of the time equivalent to the EPSC peak latency. The proportion of response failures was estimated by doubling the fraction of responses with EPSC amplitude less than zero for NMDA-EPSCs and more than zero for AMPA-EPSCs, according to the method described previously (Isaac et al. 1997; Liao et al. 1995) .
Calculation of paired-pulse ratio. Minimal stimulation was applied 50 times with paired pulses at an interval of 100 ms at a membrane potential of ϩ40 mV. The paired-pulse ratio (PPR) was determined by dividing the amplitude of the second average EPSC by the amplitude of the first average EPSC. To assess the amplitude of the second EPSC, we constructed a fitting curve of the average EPSC evoked by the first stimulation pulse alone, using data points between 50 and 100 ms after the first stimulation pulse by an exponential, weighted function (pCLAMP) as shown in Fig. 9A . We confirmed that this method made a fitting curve that coincided well with the trace of responses evoked by single-pulse stimulation. The amplitude of the second EPSC was determined by subtracting the fitting curve from the average EPSC.
Statistical analyses and drugs used. Data are expressed as means Ϯ SE. Statistical comparisons between two groups were performed by Mann-Whitney test or Wilcoxon signed-rank test, and comparisons between more than three groups were performed by Kruskal-Wallis test with post hoc Dunn's test. In all cases, P Ͻ 0.05 was considered statistically significant. The drugs used were obtained from the following sources: APV and NBQX from Tocris (Bristol, UK) and BMI from Sigma (St. Louis, MO). mission in layer 2/3 pyramidal cells, using mouse visual cortical slices under pharmacological blockade of inhibitory synaptic transmission. EPSCs were recorded from a visualized layer 2/3 pyramidal neuron with the whole cell recording method (Fig. 1A) . To analyze AMPA receptor-and NMDA receptor-mediated components of EPSCs pharmacologically, EPSCs were evoked by conventional extracellular stimulation with a patch pipette placed near the recording pipette (Fig. 1, A and B) . In this particular experiment, the stimulating electrode was not attached to the soma of neurons, differing from the other experiments, in which we intended to stimulate single pyramidal cells. Application of the non-NMDA receptor antagonist NBQX (10 M) abolished responses recorded at Ϫ70 mV, whereas it did not affect the responses recorded at ϩ40 mV except for the initial part with a fast time course similar to that of the responses recorded at Ϫ70 mV. The remaining responses were completely abolished by adding the NMDA receptor antagonist APV (100 M). Similar effects of non-NMDA and NMDA receptor antagonists on EPSCs were found in all five tested cells. Therefore, we consider that the responses recorded at Ϫ70 mV reflect purely AMPA-EPSCs, while those recorded at ϩ40 mV reflect mostly NMDA-EPSCs except for the initial part. EPSCs recorded at ϩ40 mV exhibited a slow time course and peaked at the time when EPSCs recorded at Ϫ70 mV almost returned to the baseline level (see below, Fig.  6 ). Therefore, we estimated the amplitude of NMDA-EPSCs from the amplitude of EPSCs recorded at ϩ40 mV.
Stimulation of single pyramidal neurons. Layer 2/3 pyramidal neurons receive multiple types of excitatory synaptic inputs (Dantzker and Callaway 2000; Gilbert 1983; Petreanu et. al. 2009 ). In this study we focused on the excitatory synaptic input originating from nearby layer 2/3 pyramidal cells, which is one of the major inputs to these cells. To analyze this particular synaptic connection, we recorded EPSCs from a layer 2/3 pyramidal cell with a patch pipette and stimulated single pyramidal cells located near the recorded cell (distance Ͻ100 m) with another patch pipette attached to the soma (Fig. 1A) . To avoid stimulation of neural elements other than the pyramidal cell as much as possible, we used a weak intensity of stimulation. In an example case shown in Fig. 1C , where EPSCs were recorded at ϩ40 mV, stimulation at 4, 5, 6, and 7 A resulted in a failure of postsynaptic responses in 100%, 54%, 48%, and 0% of the trials, respectively (Fig. 1D) . The average amplitude of successful EPSCs was indistinguishable (P Ͼ 0.05, post hoc Dunn's test following Kruskal-Wallis test) between stimuli at 5 and 6 A, both of which exhibited failures in a considerable number of the trials (Fig. 1, E and F), suggesting that stimuli at these intensities activated only the pyramidal neuron attached with the stimulating pipette. On the other hand, a stronger stimulation (7 A) produced EPSCs without failure, and the mean amplitude of EPSCs was significantly larger (P Ͻ 0.05) than those for the weak stimuli ( Fig. 1, E and F) , suggesting that passing fibers were also activated. When EPSCs were evoked by stimulation at such weak intensities, the stimulation at intensities higher than 9 A often induced EPSCs without failure. Thus in the following study we adjusted the stimulus currents (Յ9 A) in each cell so that response failures occurred at a substantial rate. We only analyzed cells in which response failures occurred in 20 -60% of the stimulation trials when they were recorded at ϩ40 mV. The amplitude of unitary excitatory postsynaptic potentials (EPSPs) from layer 2/3 pyramidal cells to other pyramidal cells is very small (Feldmeyer et al. 2006; Mason et al. 1991) , and hence the EPSP alone may only rarely initiate action potentials, suggesting that the EPSCs recorded in this study were mostly monosynaptic. The probability of connections between pyramidal cells decreases with intercell distance (Holmgren et al. 2003) . Therefore, if EPSCs are evoked polysynaptically, pyramidal cells located near the stimulated cell may mediate the response. We performed current-clamp recordings with a K ϩ -based internal solution, using the same experimental arrangement as for voltage-clamp recordings (distance between 2 cells Ͻ 100 m; Fig. 1A ), in two normal mice at P50 -60, when the amplitude of presumably unitary AMPA-EPSCs was largest as described below. Minimal stimulation (7 Ϯ 0.7 A, n ϭ 10 cells) produced EPSPs with a mean amplitude of 0.65 Ϯ 0.11 mV for 20 -30 successful trials out of 50 trials. When the intensity of stimulus currents was increased to three (21 Ϯ 0.7 A) and six (42 Ϯ 4.2 A) times the values in the minimal stimulation, EPSPs were always evoked and the mean amplitude was 4.3 Ϯ 0.72 mV and 11.0 Ϯ 1.4 mV for 30 trials, respectively. The resting membrane potential of these cells was Ϫ78 Ϯ 1.9 mV, and no action potentials were evoked by these stimulations. Therefore, we consider that EPSCs recorded in this study were indeed monosynaptic.
Failure rate of AMPA-and NMDA-EPSCs. To test whether the conversion of silent to functional synapses takes place in an experience-dependent manner during development, we analyzed the failure rate of AMPA-and NMDA-EPSCs. In a synaptically connected pair of pyramidal cells, one cell may make contact with another cell at one to a few or several synapses (Feldmeyer et al. 2006; Markram et al. 1997; Mason et al. 1991) . If silent synapses are present, postsynaptic response failures should occur more frequently in AMPA-than NMDA-EPSCs. Thus we assessed the proportion of silent synapses by measuring the difference in the failure rate between EPSCs recorded at Ϫ70 and ϩ40 mV. Figure 2 illustrates example EPSC traces, which were representative of different developmental stages of mice raised in a normal visual environment. In a cell sampled from a mouse at P7-12 before eye opening ( Fig. 2A) , visual inspection of traces revealed that stimulation failed to produce AMPA-EPSCs for all of the trials (0 of 50 trials), whereas it often produced NMDA-EPSCs (28 of 50 trials). Thus it is likely that this connection lacked AMPA receptors. Different from the cell shown in Fig. 2A , AMPA-EPSCs were evoked in some of the trials in a cell at P20 -24 (Fig. 2B) , which was the time soon after the start of the critical period of ocular dominance plasticity (Gordon and Stryker 1996) . The incidence of successful postsynaptic responses in this cell was higher for NMDA (31 of 50 trials)-than AMPA (20 of 50 trials)-EPSCs, suggesting that some of the synapses were silent. In a cell sampled from an adult mouse at P50 -60 (Fig. 2C) , the incidence was almost the same for NMDA (30 of 50 trials)-and AMPA (31 of 50 trials)-EPSCs, suggesting that the synapses were functional. These examples suggest that the proportion of silent synapses decreases with age in a normal visual environment.
Dark rearing from birth seemed to disturb this developmental change, as exemplified in Fig. 3 . The failure rate of AMPAEPSCs was considerably higher compared with NMDA-EPSCs in cells sampled from dark-reared P20 -24 ( Fig. 3A ) and P50 -60 ( Fig. 3B ) mice, which was similar to the cases found before eye opening ( Fig. 2A) .
To quantify these age-and experience-dependent changes revealed by visual inspection, we investigated the frequency amplitude distribution of AMPA-and NMDA-EPSCs in individual cells (Fig. 4) . Because the distance between stimulating and recording electrodes was short, the stimulus artifact could prevent an accurate measurement of the EPSC amplitude, especially for AMPA-EPSCs with a fast time course. To reduce this error, we recoded responses at Ϫ70 mV in the presence of NBQX at the end of the recordings from individual cells and subtracted an average trace of these responses (Fig.  4A , top trace) from the responses recorded in the absence of NBQX. This procedure substantially eliminated stimulus artifacts, as shown in Fig. 4A , which exemplified subtracted traces of the responses illustrated in Fig. 2C . Figure 4 , B-F, show the frequency distributions of the amplitude of responses recorded at Ϫ70 and ϩ40 mV for the cells illustrated in Figs. 2 and 3. In the cell sampled from a P7-12 mouse, the distribution of AMPA-EPSCs was almost identical to the noise amplitude distribution (Fig. 4B) , indicating that the stimulation failed to evoke AMPA-EPSCs. On the other hand, the amplitude of NMDA-EPSCs was distributed both within and outside the range of the noise amplitude distribution (Fig. 4B) . We estimated failure rates by doubling the fraction of responses with amplitude less than zero and more than zero for NMDA and AMPA-EPSCs, respectively, according to previous reports (Isaac et al. 1997; Liao et al. 1995) . These objective estimations of failure rates were fairly consistent with those determined by eye (Fig. 4, B-F) .
The failure rate of AMPA-EPSCs was higher compared with NMDA-EPSCs in all cells at P7-12 (Fig. 5A) , and the difference was highly significant (P Ͻ 0.0002, Wilcoxon signedrank test). At P20 -24, the failure rate of AMPA-EPSCs was also significantly higher than that of NMDA-EPSCs (P Ͻ 0.001), although the failure rates of AMPA-and NMDAEPSCs were almost the same in about one-third of the cells (Fig. 5B) . In contrast, this tendency was not found at P50 -60 (Fig. 5C ), and no difference (P Ͼ 0.1) was found in the failure rate between AMPA-and NMDA-EPSCs. In dark-reared mice (Fig. 5, D and E) , the failure rate of AMPA-EPSCs was significantly higher than that of NMDA-EPSCs at P50 -60 (P Ͻ 0.009) as well as at P20 -24 (P Ͻ 0.006).
Because the failure rates of NMDA-EPSCs were different in individual cells, it is not adequate to compare the failure rates of AMPA-EPSCs directly between different groups. Therefore, we used a failure rate of AMPA-EPSCs normalized by that of NMDA-EPSCs for this comparison. To this end, we first divided the success rate of AMPA-EPSCs by the success rate of NMDA-EPSCs and then obtained the normalized failure rate of AMPA-EPSCs by subtracting the normalized success rate from 1 in each cell. The normalized failure rate of AMPAEPSCs was compared between different groups (Fig. 5F ). The failure rate was very high at P7-12 (0.74 Ϯ 0.063, n ϭ 13 cells), significantly decreased with age (P Ͻ 0.0001, Kruskal-Wallis test), and almost reached 0, indicating equal failure rates of NMDA-and AMPA-EPSCs, by adulthood (0.33 Ϯ 0.069, n ϭ 15 cells, P20 -24; Ϫ0.081 Ϯ 0.054, n ϭ 17 cells, P50 -60). The difference was significant both between P7-12 and P20 -24 (P Ͻ 0.05, post hoc Dunn's test) and between P20 -24 and P50 -60 (P Ͻ 0.005). The failure rate in dark-reared mice was significantly higher compared with normal mice both at P20 -24 (0.65 Ϯ 0.10, n ϭ 11 cells, P Ͻ 0.006, Mann-Whitney test) and at P50 -60 (0.43 Ϯ 0.12, n ϭ 12 cells, P Ͻ 0.009). This suggests that dark rearing prevented the conversion of silent to functional synapses occurring during development and maintained a considerable number of silent synapses until adulthood.
Development of AMPA-and NMDA-EPSCs. We examined developmental changes in the properties of AMPA-and NMDA-EPSCs by analyzing responses that were judged successful by visual inspection, because the failure rates determined objectively and subjectively were similar. The amplitude and time course of EPSCs can be affected by the recording conditions. There was no significant difference (P Ͼ 0.9, Kruskal-Wallis test) in series resistance between the experimental groups (22 Ϯ 1.7 M⍀, n ϭ 13 cells, P7-12; 21 Ϯ 0.8 M⍀, n ϭ 15 cells, P20 -24; 21 Ϯ 1.3 M⍀, n ϭ 17 cells, P50 -60; 20 Ϯ 1.0 M⍀, n ϭ 11 cells, dark-reared P20 -24; 21 Ϯ 2.1 M⍀, n ϭ 12 cells, dark-reared P50 -60), allowing a comparison of the parameters of EPSCs between these groups. However, input resistance decreased greatly from P7-12 to P20 -24. There was a significant difference (P Ͻ 0.0005, post hoc Dunn's test following Kruskal-Wallis test) in input resistance between P7-12 (1,174 Ϯ 171 M⍀, n ϭ 13 cells) and P20 -24 (264 Ϯ 49 M⍀, n ϭ 15 cells) but not between P20 -24 and P50 -60 (P Ͼ 0.05, 307 Ϯ 43 M⍀, n ϭ 17 cells). The input resistance in dark-reared mice was not different from that in normal mice at P20 -24 (P Ͼ 0.09, 350 Ϯ 46 M⍀, n ϭ 11 cells) and P50 -60 (P Ͼ 0.1, 445 Ϯ 73 M⍀, n ϭ 12 cells). Thus, in older mice, the amplitude of EPSCs could be underestimated and the rise time and half-width of EPSCs could be overestimated to some extent, especially for AMPA-EPSCs, compared with mice at P7-12, because of the difference in dendritic filtering. The amplitude of successful NMDA-EPSCs remained unchanged during normal development (14 Ϯ 1.3 pA, n ϭ 13 cells, P7-12; 15 Ϯ 1.7 pA, n ϭ 15 cells, P20 -24; 17 Ϯ 1.3 pA, n ϭ 17 cells, P50 -60; P Ͼ 0.1, Kruskal-Wallis test), and no significant difference was found between normal and darkreared mice at either P20 -24 (13 Ϯ 0.91 pA, n ϭ 11 cells; P Ͼ 0.9, Mann-Whitney test) or P50 -60 (14 Ϯ 1.6 pA, n ϭ 12 cells; P Ͼ 0.06), as shown in Fig. 6A . In contrast to the NMDA-EPSCs, the amplitude of successful AMPA-EPSCs showed significant increases during normal development (12 Ϯ 1.2 pA, n ϭ 9 cells, P7-12; 18 Ϯ 0.8 pA, n ϭ 14 cells, P20 -24; 31 Ϯ 2.7 pA, n ϭ 17 cells, P50 -60; P Ͻ 0.0001, KruskalWallis test; Fig. 6B ), and significant differences were found in the amplitude between P7-12 and P20 -24 (P Ͻ 0.05 post hoc Dunn's test) and between P20 -24 and P50 -60 (P Ͻ 0.005).
This developmental increase in AMPA-EPSC amplitude cannot be ascribed to the changes in dendritic filtering. Dark rearing perturbed this developmental increase. The amplitude was significantly smaller in dark-reared than normal mice both at P20 -24 (12 Ϯ 1.7 pA, n ϭ 9 cells; P Ͻ 0.02, Mann-Whitney test) and at P50 -60 (20 Ϯ 1.4 pA, n ϭ 10 cells; P Ͻ 0.02). Thus these results indicate that presumably unitary AMPAEPSCs increased during development, depending on visual experience, whereas the amplitude of presumably unitary NMDA-EPSCs remained almost unchanged during development, independent of visual experience.
We also examined the changes in the time course of AMPAand NMDA-EPSCs by analyzing the 10 -90% rise time and half-width of EPSCs. During normal development, the rise time of NMDA-EPSCs was almost halved (P Ͻ 0.005, post hoc Dunn's test following Kruskal-Wallis test) between P7-12 (16 Ϯ 1.7 ms, n ϭ 13 cells) and P20 -24 (9.1 Ϯ 1.2 ms, n ϭ 15 cells) and remained unchanged thereafter (8.3 Ϯ 0.9 ms, n ϭ 17 cells, P50 -60; P Ͼ 0.05; Fig. 6C ). Although these differences were both insignificant, the rise time was slightly larger in dark-reared than normal mice both at P20 -24 (12 Ϯ 1.6 ms, n ϭ 11 cells; P Ͼ 0.1, Mann-Whitney test) and at P50 -60 (12 Ϯ 2.4 ms, n ϭ 12 cells; P Ͼ 0.4). The half-width of NMDA-EPSCs decreased markedly (P Ͻ 0.05, post hoc Dunn's test following Kruskal-Wallis test) from P7-12 (68 Ϯ 5.9 ms, n ϭ 13 cells) to P20 -24 (24 Ϯ 3.8 ms, n ϭ 15 cells) and remained unchanged thereafter (28 Ϯ 2.9 ms, n ϭ 17 cells, P50 -60; P Ͼ 0.05; Fig. 6E ). Dark rearing slightly delayed this developmental decrease in half-width (Fig. 6E) . The half-width was significantly larger in dark-reared than normal mice at P20 -24 (38 Ϯ 5.1 ms, n ϭ 11 cells; P Ͻ 0.03, Mann-Whitney test), but it was indistinguishable at P50 -60 (25 Ϯ 3.1 ms, n ϭ 12 cells; P Ͼ 0.4). Thus NMDA-EPSCs showed a very slow time course before eye opening and quickly attained a much faster time course, found in adulthood, by the beginning of the critical period. Dark rearing delayed this process only slightly.
In contrast to NMDA-EPSCs, AMPA-EPSCs showed only slight developmental changes in their time course. The rise time slightly increased from P7-12 to P20 -24 and remained unchanged thereafter during normal development (1.5 Ϯ 0.2 ms, n ϭ 9 cells, P7-12; 2.1 Ϯ 0.2 ms, n ϭ 14 cells, P20 -24; 2.1 Ϯ 0.1 ms, n ϭ 17 cells, P50 -60; Fig. 6D ). No significant difference was found between the three age groups (P Ͼ 0.05, Kruskal-Wallis test). The rise time in dark-reared mice was not different from that in normal mice either at P20 -24 (2.2 Ϯ 0.4 ms, n ϭ 9 cells; P Ͼ 0.8, Mann-Whitney test) or at P50 -60 (1.9 Ϯ 0.1 ms, n ϭ 10 cells; P Ͼ 0.2). Similarly, no significant changes were found in the half-width of AMPA-EPSCs during normal development (2.2 Ϯ 0.1 ms, n ϭ 9 cells, P7-12; 2.6 Ϯ 0.2 ms, n ϭ 14 cells, P20 -24; 2.9 Ϯ 0.3 ms, n ϭ 17 cells, P50 -60; P Ͼ 0.1, Kruskal-Wallis test), and the half-width was indistinguishable between normal and dark-reared mice both at P20 -24 (2.9 Ϯ 0.5 ms, n ϭ 9 cells; P Ͼ 0.7, Mann-Whitney test) and at P50 -60 (3.2 Ϯ 0.4 ms, n ϭ 10 cells; P Ͼ 0.5; Fig.  6F ). The initial increase in dendritic filtering may contribute to the slight slowing of the AMPA-EPSC time course. Therefore, in contrast to NMDA-EPSCs, AMPA-EPSCs maintained almost the same time course during normal development, and visual experience did not affect the time course. Quantal AMPA-EPSCs. The amplitude of presumably unitary AMPA-EPSCs increased during development. In addition to the increase in the number of functional synapses, increases in the quantal amplitude of EPSCs and transmitter release probability can contribute to this developmental increase. When extracellular Ca 2ϩ is replaced with Sr 2ϩ , an action potential of presynaptic cells initiates a reduced synchronous EPSC, followed by multiple quantal EPSCs occurring asynchronously (Goda and Stevens 1994; Oliet et al. 1996) . Thus, to test whether an increase in quantal amplitude contributes to the increase of unitary AMPA-EPSCs, we analyzed asynchronous AMPA-EPSCs in ACSF containing Sr 2ϩ instead of Ca 2ϩ . In the case shown in Fig. 7 , the frequency of EPSCs observed during 500 ms after stimulation at a weak intensity (Յ9 A) was equal to or lower than the frequency of spontaneous EPSCs (sEPSCs) in 11 of 50 stimulus trials, suggesting that the stimulation failed to evoke EPSCs in 22% of the stimulus trials. Thus it is likely that evoked EPSCs were ascribed to the firing of the cell attached by the stimulation pipette. Because we tried to stimulate only one presynaptic cell, the frequency of asynchronous release in the time window after stimulation must be considerably higher than the frequency of sEPSCs to accurately evaluate the quantal amplitude of evoked EPSCs. The poststimulus time histograms of EPSCs were constructed with a bin size of 100 ms, using successful trials. We excluded events that occurred between 0 and 40 ms after stimulation, to avoid any possible inclusion of synchronous EPSCs in this analysis. The peak frequency was attained at the time period of 40 -140 ms after stimulation, and it was about seven times higher than the frequency of sEPSCs determined during 0 -100 ms before stimulation (P Ͻ 0.0005, post hoc Dunn's test following Kruskal-Wallis test; Fig. 7B ), suggesting that the frequency of the asynchronous release was sufficiently high for the analysis. No significant difference (P Ͼ 0.1, Kruskal-Wallis test) was found in the amplitude of EPSCs between any of the time periods in this case (Fig. 7C) , suggesting that EPSCs evoked synchronously were not included in this analysis.
The sEPSCs may include action potential-dependent responses as well as action potential-independent responses that are called miniature EPSCs (mEPSCs). The former may contain synchronous EPSCs, which are not quantal events. If responses with amplitudes larger than the quantal amplitude occur in the time window used in this analysis, it may interfere with accurate assessment of the quantal amplitude of evoked EPSCs. However, action potential-dependent sEPSCs occur less than mEPSCs in pyramidal cells of visual cortical slices (Liu et al. 2004) , suggesting that the effect of synchronous EPSCs occurring spontaneously may be very small.
In this analysis, we selected cells that showed response failures in 20 -60% of the stimulus trials (52 Ϯ 3.3%, n ϭ 18 cells, P7-12; 37 Ϯ 3.8%, n ϭ 12 cells, P20 -24; 37 Ϯ 4.3%, n ϭ 15 cells, P50 -60; 33 Ϯ 4.4%, n ϭ 12 cells, dark-reared P20 -24; 38 Ϯ 4.1%, n ϭ 15 cells, dark-reared P50 -60). The peak frequency was found in the time period of 40 -140 ms after stimulation in most cases. The peak frequency was significantly higher (P Ͻ 0.003, Wilcoxon signed-rank test) than that of sEPSCs in all of the groups (6.3 Ϯ 1.4 times, n ϭ 18 cells, P7-12; 3.4 Ϯ 0.41 times, n ϭ 12 cells, P20 -24; 3.0 Ϯ 0.34 times, n ϭ 15 cells P50 -60; 3.5 Ϯ 0.44 times, n ϭ 12 cells, dark-reared P20 -24; 3.1 Ϯ 0.58 times, n ϭ 15 cells, dark-reared P50 -60), suggesting that this method can be used for the estimation of quantal amplitude. We analyzed the properties of asynchronous EPSCs in successful trials, using EPSCs occurring in the 100-ms time period during which the EPSC frequency was highest.
The recording condition in the solution containing Sr 2ϩ was similar to that found in the solution containing Ca 2ϩ . There were no significant differences (P Ͼ 0.9, Kruskal-Wallis test) in series resistance between the experimental groups (22 Ϯ 0.8 M⍀, n ϭ 18 cells, P7-12; 22 Ϯ 1.2 M⍀, n ϭ 12 cells, P20 -24; 21 Ϯ 1.5 M⍀, n ϭ 15 cells, P50 -60; 22 Ϯ 2.3 M⍀, n ϭ 12 cells, dark-reared P20 -24; 23 Ϯ 1.5 M⍀, n ϭ 15 cells, , and dark-reared P50 -60 (E). F: failure rate of AMPA-EPSCs (mean Ϯ SE) normalized by failure rate of NMDA-EPSCs in the same cell plotted against age for normal and dark-reared mice. *Significant differences between normal and darkreared animals of the same age group; # significant difference between different age groups of normal animals. No. of cells was 13 (P7-12), 15 (P20 -24), 17 (P50 -60), 11 (dark-reared P20 -24), and 12 (dark-reared P50 -60).
dark-reared P50 -60). The input resistance at P7-12 (1,067 Ϯ 93 M⍀, n ϭ 18 cells) was significantly higher (P Ͻ 0.0005, post hoc Dunn's test following Kruskal-Wallis test) compared with any of the other groups (338 Ϯ 34 M⍀, n ϭ 12 cells, P20 -24; 319 Ϯ 10 M⍀, n ϭ 15 cells, P50 -60; 372 Ϯ 28 M⍀, n ϭ 12 cells, dark-reared P20 -24; 347 Ϯ 40 M⍀, n ϭ 15 cells, dark-reared P50 -60), while no significant difference (P Ͼ 0.5) was found between the other groups.
No significant changes (P Ͼ 0.9, Kruskal-Wallis test) were found in the quantal amplitude of EPSCs during development, irrespective of visual experience (9.6 Ϯ 0.9 pA, n ϭ 18 cells, P7-12; 9.1 Ϯ 0.7 pA, n ϭ 12 cells, P20 -24; 8.3 Ϯ 0.3 pA, n ϭ 15 cells, P50 -60; 8.6 Ϯ 0.4 pA, n ϭ 12 cells, dark-reared P20 -24; 8.3 Ϯ 0.3 pA, n ϭ 15 cells, dark-reared P50 -60), as shown in Fig. 8, A and B. However, we noticed slight age-and experience-dependent changes in the time course of EPSCs. In normal development, the rise time increased from P7-12 (1.5 Ϯ 0.1 ms, n ϭ 18 cells) to P20 -24 (1.9 Ϯ 0.1 ms, n ϭ 12 cells) and then returned to almost the same level as initially observed by P50 -60 (1.5 Ϯ 0.1 ms, n ϭ 15 cells; Fig. 8C ). The rise time was significantly larger at P20 -24 compared with the two other developmental stages (P Ͻ 0.005, post hoc Dunn's tests following Kruskal-Wallis test), but no significant difference was found between P7-12 and P50 -60 (P Ͼ 0.05). The half-width showed a significant increase initially (2.0 Ϯ 0.1 ms, n ϭ 18 cells, P7-12; 2.9 Ϯ 0.2 ms, n ϭ 12 cells, P20 -24; P Ͻ 0.005, post hoc Dunn's test following Kruskal-Wallis test), but it remained unchanged thereafter (3.1 Ϯ 0.1 ms, n ϭ 15 cells, P50 -60; P Ͼ 0.05; Fig. 8D ). Dark rearing did not affect the increase of rise time from P7-12 to P20 -24, but it prevented the decrease from P20 -24 to P50 -60 (Fig. 8C ). There was a significant difference in rise time between normal and dark-reared mice at P50 -60 (1.9 Ϯ 0.1 ms, n ϭ 15 cells; P Ͻ 0.0001, Mann-Whitney test) but not at P20 -24 (1.8 Ϯ 0.1 ms, n ϭ 12 cells; P Ͼ 0.3). Dark rearing did not affect the half-width at either P20 -24 (2.8 Ϯ 0.2 ms, n ϭ 12 cells; P Ͼ 0.8, Mann-Whitney test) or P50 -60 (2.8 Ϯ 0.2 ms, n ϭ 15 cells; P Ͼ 0.05; Fig. 8D ). The slowing of the EPSC time course from P7-12 to P20 -24 might be ascribed, at least in part, to the change in dendritic filtering. Thus, as a whole, the develop- EPSCs. *Significant differences between normal and darkreared animals of the same age group; # significant difference between different age groups of normal animals. No. of cells was 13 (P7-12), 15 (P20 -24), 17 (P50 -60), 11 (dark reared P20 -24), and 12 (dark reared P50 -60) for NMDA-EPSCs and 9 (P7-12), 14(P20 -24), 17 (P50 -60), 9 (dark-reared P20 -24), and 10 (dark-reared P50 -60) for AMPA-EPSCs. The properties of AMPA-EPSCs were analyzed only for cells that showed failure rates of AMPA-EPSCs Ͻ0.94. mental change in quantal EPSCs was small and the effect of visual experience on the development was also small.
If the number of synapses or transmitter release probability increased during development, the frequency of asynchronous EPSCs would increase. To test this possibility, we analyzed the frequency of asynchronous EPSCs occurring between 40 and 540 ms after stimulation in successful trials (Fig. 8E) . The frequency increased significantly with age in normal mice (3.3 Ϯ 0.2 events/s, n ϭ 18 cells, P7-12; 4.9 Ϯ 0.2 events/s, n ϭ 12 cells, P20 -24; 6.9 Ϯ 0.4 events/s, n ϭ 15 cells, P50 -60; P Ͻ 0.0001, Kruskal-Wallis test). The difference was significant between P7-12 and P20 -24 (P Ͻ 0.005, post hoc Dunn's test) and between P20 -24 and P50 -60 (P Ͻ 0.05). Dark rearing suppressed this developmental increase. The frequency in the dark-reared mice was significantly lower compared with normal mice both at P20 -24 (3.8 Ϯ 0.3 events/s, n ϭ 12 cells; P Ͻ 0.008, Mann-Whitney test) and at P50 -60 (5.1 Ϯ 0.3 events/s, n ϭ 15 cells; P Ͻ 0.002). This suggests that the changes in the number of functional synapses and/or transmitter release probability contribute to the developmental increase in the amplitude of successful AMPA-EPSCs.
Paired-pulse ratio. To test whether the change in transmitter release probability contributes to the developmental increase of presumably unitary AMPA-EPSCs, we examined the PPR of synaptic transmission, which is considered to reflect the probability of action potential-dependent transmitter release. Minimal stimulation was applied with paired pulses at intervals of 100 ms, and EPSCs were recorded at ϩ40 mV (Fig. 9A ). There were no significant differences (P Ͼ 0.05, Kruskal-Wallis test) in PPR between the different groups (0.78 Ϯ 0.06, n ϭ 16 cells, P7-12; 0.79 Ϯ 0.06, n ϭ 20 cells, P20 -24; 0.78 Ϯ 0.04, n ϭ 30 cells, P50 -60; 0.74 Ϯ 0.05, n ϭ 15 cells, dark-reared P20 -24; 0.76 Ϯ 0.04, n ϭ 27 cells, dark-reared P50 -60; Fig.  9B ). Thus it is likely that the release probability remained unchanged during the developmental period examined, irrespective of visual experience. These results also suggested that transmitter release probability was not different between silent and functional synapses in the connection examined in this study, different from the connections in which the release probability seemed different between the two types of synapses (Aizenman and Cline 2007; Poncer and Malinow 2001; Yanagisawa et al. 2004 ). This constancy in PPR as well as NMDA-EPSC amplitude suggests that the number of synapses remains considerably constant during development irrespective of visual experience, and that the conversion from silent to functional synapses is a quite important factor to explain the developmental increase in the amplitude of presumably unitary AMPA-EPSCs.
DISCUSSION
The present study demonstrated that silent synapses were abundantly present in layer 2/3 pyramidal cells before eye opening and that they decreased with development in a normal visual environment. This change was prevented by deprivation of visual inputs by rearing the mice in a dark room from birth, and the silent synapses remained considerably even until adulthood. This age and experience dependence of silent synapses suggests that the conversion of silent to functional synapses is one of the synaptic mechanisms underlying experience-dependent refinement of visual cortical circuits and functions.
Age-and experience-dependent changes in synaptic connections between nearby pyramidal neurons. We utilized the difference in the failure rate between NMDA receptor-and AMPA receptor-mediated synaptic transmission to assess the proportion of silent synapses. Before eye opening, there were plenty of silent synapses. In some connections, the percentage of failure was 100% of trials for AMPA-EPSCs when it was ϳ40% for NMDAEPSCs. This observation strongly suggests the presence of excitatory connections between pyramidal cell pairs that have only silent synapses. Other cells showed failure rates higher for AMPA-than NMDA-EPSCs, although AMPA-EPSCs occurred at least in some of the trials, suggesting that these synaptic connections between pyramidal cell pairs included both silent and functional synapses. The proportion of silent synapses was reduced considerably by the initial stage (P20 -24) of the critical period of ocular dominance plasticity, although some of the connections still seemed to have silent synapses. These observations were consistent with a previous study (Rumpel et al. 2004 ). The failure rate was indistinguishable between NMDA-and AMPAEPSCs in adulthood, suggesting that most of the synapses were functional synapses. Dark rearing appeared to prevent the conversion from silent to functional synapses considerably but not completely.
The amplitude of successful NMDA-EPSCs remained almost unchanged during development, irrespective of visual experience. On the other hand, the time course of NMDAEPSCs showed a clear developmental change. Both rise time and half-width decreased steeply between eye opening and the initial stage of the critical period, but no further changes took place after that. This kind of change from a slow to a fast time course during early postnatal development has been shown in various synapses (Carmignoto and Vicini 1992; Crair and Malenka 1995; Hestrin 1992) , including those in layer 2/3 pyramidal neurons of rat visual cortex (Yoshimura et al. 2003) . Dark rearing delayed this process slightly, but did not affect the values of either rise time or half-width in adulthood, consistent with our previous study using rats (Yoshimura et al. 2003) . The effect of visual experience on postnatal changes in the time course seems to vary between different synaptic connections in visual pathways, because the shortening of NMDA-EPSCs in layer 4 cells of visual cortex is substantially prevented by dark rearing (Carmignoto and Vicini 1992) .
The presumably unitary AMPA-EPSCs increased in amplitude with age in normal development, in contrast to NMDAEPSCs. This increase was suppressed by dark rearing, indicating that the developmental increase in AMPA-EPSC amplitude is dependent on neural activity produced by visual inputs. In contrast to the amplitude, the time course of AMPA-EPSCs did not change so much during normal development, and visual experience had almost no effect on the time course.
The quantal amplitude of AMPA-EPSCs, estimated from asynchronous EPSCs recorded in an ACSF containing Sr 2ϩ instead of Ca 2ϩ , remained almost unchanged during development, independent of visual experience. This observation appears different from age-and experience-dependent changes in the quantal amplitude of EPSCs, which were derived from studies on synaptic scaling using mEPSCs recorded in the presence of tetrodotoxin (Desai et al. 2002; Goel and Lee 2007) . In layer 2/3 pyramidal cells of mouse visual cortex, the amplitude of mEPSCs was largest before eye opening and decreased significantly during normal development (Goel and Lee 2007) . Dark rearing for a few days converted the amplitude of mEPSCs to the level observed before eye opening, and this increase was reversed by 1 day of normal vision (Goel and Lee 2007) . We consider that it is uncertain as to what caused this discrepancy between the two studies. The main difference was the population of synapses analyzed. We analyzed synapses only originating from nearby pyramidal cells, whereas the mEPSC study analyzed whole synapses in the recorded cells. This difference may be potentially involved in the discrepancy. The experience-dependent synaptic scaling occurred in a multiplicative manner in young mice (Goel and Lee 2007) , suggesting that the quantal amplitude of EPSCs was uniformly changed in all synapses, including the synapses between nearby pyramidal cells. We would like to suggest a possibility that may reconcile the discrepancy. If the frequency of the mEPSCs at synapses between nearby pyramidal cells is considerably low, compared with other synapses in the same cell, the mEPSCs at these synapses may make up only a minor proportion of the sampled mEPSCs. In this situation, multiplicative scaling can be observed when scaling occurs at most synapses, except for the particular group of synapses. However, it is uncertain at present whether this supposition is the case or not. In any case, this discrepancy is unlikely to affect our main conclusion that experience-dependent increases in the amplitude of unitary EPSCs are mainly ascribed to the increase in the number of functional synapses.
Almost invariant quantal amplitude during development as we found in this study was also observed at other synapses such as synapses from CA3 pyramidal cells to CA1 pyramidal cells and from the lateral olfactory tract to olfactory cortical pyramidal cells (Franks and Isaacson 2005; Hsia et al. 1998 ). On the other hand, the quantal amplitude likely increases during development at retinotectal synapses (Wu et al. 1996) , and it decreases at some synapses in layer 2/3 and 4 pyramidal cells of visual cortex (Desai et al. 2002; Goel and Lee 2007) . Thus developmental changes in quantal amplitude appear to be dependent on the type of synapses.
An analysis using the PPR suggested that the probability of action potential-dependent transmitter release remained unchanged during the developmental period examined in this study, independent of visual experience. This result, together with the almost constant quantal amplitude of AMPA-EPSCs, suggests that experience-dependent increases in the amplitude of unitary AMPA-EPSCs are mostly ascribed to the increase in the number of functional synapses between connected pairs of nearby layer 2/3 pyramidal cells in visual cortex (Fig. 10) . This developmental process of excitatory synapses is similar to that found at the synapses from CA3 pyramidal neurons to CA1 pyramidal neurons (Hsia et al. 1998) .
Possible mechanisms underlying experience-dependent development of synapses. In our previous study conducted in layer 2/3 pyramidal cells of rat visual cortex (Yoshimura et al. 2003) , we utilized stimulation of input fibers paired with postsynaptic depolarization to induce NMDA receptor-dependent LTP in EPSPs elicited by extracellular stimulation of presynaptic elements, probably including layer 2/3 pyramidal cell axons. LTP always occurred at a period just before eye opening, in about half of the tested cells during the critical period, but never in adulthood. This developmental decline in LTP incidence occurred almost in parallel with the reduction in silent synapses shown in this study. Furthermore, this form of LTP occurred even in adulthood when rats were reared in darkness from birth, as dark rearing maintained silent synapses until adulthood. Thus it is likely that silent synapses are converted to functional synapses by an insertion of AMPA receptors through an LTP-like process triggered by visual inputs.
The properties of cortical NMDA receptors are regulated by developmental changes in NR2 subunit composition, and the predominant form of NMDA receptors changes from NR2B-containing to NR2A-containing NMDA receptors during an early postnatal period (Monyer et al. 1994; Sheng et al. 1994; Watanabe et al. 1992) . This developmental change is postponed by visual deprivation in visual cortex (Nase et al. 1999; Quinlan et al. 1999) . In layer 2/3 pyramidal neurons of rat visual cortex, pairing stimulation-induced LTP was completely blocked by antagonists specific to NR2B-containing NMDA receptors, and NR2B components of NMDA-EPSCs showed an age-and experience-dependent reduction in parallel with LTP incidence (Yoshimura et al. 2003) . Switching from predominance of NR2B-containing to NR2A-containing NMDA receptors occurs in association with LTP in hippocampal CA1 pyramidal neurons (Bellone and Nicoll 2007) . Therefore, it is likely that in layer 2/3 pyramidal neurons, once silent synapses are converted to functional synapses by visual input-elicited neural activities, NR2A subunits are incorporated in the synapses, leading to reduced modifiability.
Although our study using rats demonstrated age-dependent decline in LTP incidence (Yoshimura et al. 2003) , a similar study conducted in layer 2/3 pyramidal neurons of mouse visual cortex did not show this decline (Jiang et al. 2007 ). Although it is uncertain what caused this discrepancy, one possibility may be the difference in the stimuli used to induce LTP. In both studies, 1-Hz stimulation was paired with postsynaptic depolarization to 0 mV. However, the number of pairing stimuli was 100 and 200 in the rat and mouse experiments, respectively. NMDA receptors predominantly containing NR2B subunits can induce LTP more easily than those predominantly containing NR2A subunits (Barria and Malinow 2005; Foster et al. 2010; Gardoni et al. 2009 ). The latter form of NMDA receptors are found commonly in mature cortical neurons such as CA1 pyramidal neurons (Monyer et al. 1994; Sheng et al. 1994; Watanabe et al. 1992) , and LTP can be induced at these synapses. Therefore, weak pairing stimulation would induce LTP only at synapses with NMDA receptors predominantly containing NR2B subunits, while strong pairing stimulation would induce LTP irrespective of the NR2 subunit composition.
Functional roles of conversion of silent to functional synapses. Mature visual cortical neurons show responses selective to various aspects of visual stimulation, such as size of objects, orientation of contours, direction and speed of moving objects, and binocular disparity (Hubel 1982) . Visual experience during development plays important roles in the refinement and maintenance of these properties (Frégnac and Imbert 1984; Wiesel 1982) . In developing barrel cortex, sensory experiences deliver AMPA receptors into synapses from layer 4 to layer 2/3 cells through an LTP-like mechanism (Takahashi et al. 2003) . Thus, during development, the experience-dependent incorporation of AMPA receptors may also take place in horizontal connections between layer 2/3 pyramidal cells, leading to the conversion from silent to functional synapses. This conversion may not occur easily as long as sensory inputs are deprived even until adulthood. In dark-reared animals, visual responsiveness remains at the immature level found in very young animals (Fagiolini et al. 1994; Frégnac and Imbert 1984) . The presence of abundant silent synapses in dark-reared adult animals may explain, at least in part, poor visual responsiveness. These deprived animals acquire selective visual responsiveness after exposure to a normal visual environment in adulthood (Cynader and Mitchell 1980; Mower et al. 1981) . The conversion from silent to functional synapses may contribute to this process.
The critical periods of individual visual response properties may differ to some extent. For example, the critical period for directional deprivation closes earlier than that for monocular deprivation in cats (Berman and Daw 1977) . The present study demonstrated that the proportion of silent synapses decreased to a considerably low level at the time when ocular dominance plasticity begins (Fagiolini et al. 1994; Gordon and Stryker 1996) , suggesting that the conversion from silent to functional synapses plays roles that are not so important in binocular matching of visual responsiveness (Wang et al. 2010) , although it could be involved in the process to some extent. Thus the conversion may largely contribute to the improvement of visual responsiveness depending on visual inputs before the start of the critical period (Feller and Scanziani 2005) . 
